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ABSTRACT 
C. 
'Impingement of an impulsively generated vortex pair upon 
small diameter cylinders and thin flat plates gives rise to a 
number of new interaction mechanisms. The vortex pair is gen- 
erated in water by a piston. Flow is visualized using dye, and 
the interactions are documented by high speed video recording. 
Essential to all interaction mechanisms is production of vor- 
tices of opposite sense (relative to the respective incident 
vortices) due to the wall viscous layer; some grow rapidly to - 
nearly the same scale as the incident vortex. Even bodies . 
whose characteristic length is an order of magnitude smaller 
than the scale of the incident vortex can drastically alter the 
vortex structure and trajectory. 
Horizontal and vertical velocity components were measured 
using an LDA system, allowing generation of corresponding vorti 
city., distributions. Vorticity is distributed throughout the 
vortex pair cell; maximum vorticity occurs at approximately the 
same location as the visualized vortex center. Comparison of 
the vorticity distribution with that predicted by an inviscid 
model exhibits strong agreement, except outside the boundary 
of the cell where errors in vorticity measurement can be sub- 
stantial. 
\ 
INTRODUCTION, ^ _ 
Vortex rings and vortex lines embody the classical meaning 
of the word vortex. The vortex is the ;flow field that accom- 
panies a concentrated, or continuous, (coherent distribution of 
vorticity, which, in the limit, may be concentrated at.a point 
or line (Yule 1978). A vortex is formed in a viscous homogeneous 
fluid when an impulse is given to a volume of the fluid. A 
localized region of vorticity is produced by viscous stresses, 
which cause the volume to entrain ambient fluid and, free of 
any boundaries, to propagate in the direction of the impulse 
(Manton 1976). 
Vortex rings.have been studied for over 100 years. Most 
mathematical models of the vortex motion assume an inviscid. 
fluid. The classical analytical works were primarily derived 
by Kelvin (1867), Hill (1894), Lamb (1932), Prandtl and Tietjens 
(1934), Sommerfeld (1950), Taylor (1953), and Batchelor (1967). 
The simplest model is Hill's spherical vortex: the moving fluid 
is taken to occupy a spherical envelope, with vorticity evenly 
distributed throughout. One of the more popular models has 
been Lamb's: the vorticity is assumed to be contained within a 
torus whose cross-sectional radius is much smaller than the 
mean radius of the torus. In reality, vortex rings are more 
like oblate spheroidal vortices, and their properties lie 
-between the extreme cases of the spherical vortex and the thin 
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toroidal  vortex.    In 1970, Saffman was the first to incorporate 
viscosity into his mathematical model   (Saffman 1970).    Whitehead 
(1968) and Kambe and Oshima (1975) pioneered the numerical treat- 
ment of vortex rings,  and much room remains for more computer 
simulation. <■ ' 
Maxworthy (1977) has found that the balance between posi- 
tive and negative vorticity depends on Reynolds number, but he 
could not say how the balance was struck for want of more 
detailed measurements at the nozzle lip itself.    His results 
also show that the production of negative vorticity cancels 
part of the positive vorticity during rollup near the nozzle 
exit (Maxworthy 1977).    In 1979, Didden addressed this aspect 
with.detailed LDA measurements of vorticity at a nozzle exit. 
The characteristic parameters of the vortex ring are the 
ring diameter, circulation, atfd translational velocity.    Accord- 
ing to experiments, these parameters depend on the nozzle dia- 
meter, piston stroke, and velocity history of the piston motion 
(Didden 1979).    Under ideal conditions, a vortex would propa- 
gate at constant speed, conserving impulse,  circulation, and 
kinetic energy, without changing its shape.    In reality the 
radius of the ring increases, the, velocity, kinetic energy and 
impulse decrease, and the circulation may change if vorticity 
of opposite sign cancels or is left behind in the wake  (Widnall 
i 
1975)*. Examples of experimental evidence documenting the 
-3- 
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relationships between these parameters include the works of 
■ ) Sallet (1974), Baird (1977), and Guhler (1979).    Despite r\yufer- 
ous attempts, no satisfactory theory exists which relates the 
vortex parameters to the generation conditions. 
For large Reynolds numbers, a vortex ring is a moving vor- 
tex bubble with two distinct regions.    The inner region is in 
the shape of a torus of rapidly rotating fluid which tends to 
modify surrounding"turbulent fluctuations, effectively making 
the turbulence two-dimensional.    A turbulent (outer)  region 
surrounds the inner core (Maxworthy 1975). 
Visual studies of tne structure of the fully-formed vor- 
tex ring were done by Maxworthy in 1972,  1974, and 1977.     In 
contrast to theoretical models and casual observations of vor- 
tex rings, he determined that the fluid volume that surrounds 
and moves with the core entrains ambient fluid via a shear 
layer.    Most of the entrained fluid is  rejected to the wake, 
but enough is retained to account for the slow growth in the 
size of the ring.    He also deduced that vorticity is slowly 
removed from the core and eventually deposited in the wake. 
Kambe and Oshima (1975) have pointed out that this type' of . 
entrainment process can also be seen at turbulent-laminar inter- 
faces.    The vortex ring, then, may be taken to represent an 
elementary process that is typical in outer boundaries of 
shear flow turbulence. 
 Maxworthy ("T9TSt has also noted that the flow characterise— 
tics of a slice through the wake of a vortex ring are identical 
to that through an aircraft far wake.   -The effects on following 
aircraft due to the persistence and strength of the wake vor- 
tices have been-^xperienced in practice.    Although the hear 
wake problem is more easily analyzed (inviscid tneoYy works 
well), the far wake structure is more important from a practical 
standpoint. 
Flow visualization o-f aircraft vortices is effected by vapor 
condensation in the low pressure .inner region vortex cores, 
which is most probably laminar. " The turbulent region is gener- ■«= 
ally not visualized (Tombach",  Crow, & Bate 1975; Barker & Crow 
1977).       , -'   '  '      ' 
A study of the behavior of aircraft trailing vortices also 
includes a study of how the vortices are influenced by the 
ground during takeoff and landing.    It. has been shown for the 
inviscid theoretical case (e.g.  Lamb 1932) that a symmetrical 
vortex pair composed of equal  and opposite vortices which 
approaches a plane wall  at right angles must approach the 
wall monotonically (Saffman 1979).    However, experiments show 
that the vortices  remain at a larger distance from the ground 
than is expected, and the vortices eventually rebound or.move 
away from the ground.    Harvey & Rerry (1971)  conducted wind 
tunnel tests with the trailing vortex shed from an airplane 
wing; Boldes and Ferreri   (1973)  looked at vortex rings in water; 
-5- 
and Barker and Crow (1977) analyzed a two-dimensional  line~vor- 
tex pair in water; .        * 
The vortex rebound (or vortex bounce)  is due to the adverse 
pressure gradient, induced by the (primary) vortex, which is 
m 
able to separate the boundary layer on the ground (or wall, as 
the case may be).    A secondary vortex results, which then tends 
to slow the forward motion of the primary vortex and forces 
the primary vortex away from the ground/wall.    In some instances, 
the forward motion of the primary vortex is reversed. 
Measurements have been made in a variety of settings: free 
flight full-scale aircraft (Carig'er & Gould 1971; Chevalier 1973); 
wind tunnel   (Mason & Marchman 1972); water channels  (Miller & 
Brown 1971; Lezius 1973).    But these early measurements were sub- 
ject to the effects of probe interference.    The presence of a 
physical probe alters the trajectory of the vortex, and flow * 
visualization studies show that the vortices are very sensitive 
to even very small probes.    The development of the laser-Doppler 
velocimeter (LDV) enabled flow measurements with no physical 
interference of the fluid.    Also, the laser has a small measuring 
volume, a linear response^to velocity, and   the ability to 
independently measure one velocity component at a time (Baker 
et al.  1974; Barker & Crow 1977). 
Sullivan, Widnall  and Ezekiel   (1973)  used an LDV system 
to study the velocity field downstream of the nozzle; circulation, 
-6- 
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streamline and vorticity distributions were found.    The results 
indicate that the vorticity is highly concentrated in the core. 
In contrast Maxworthy (1972) used a hydrogen bubble,technique • 
and found that vorticity is more spread out.      More recently 
Maxworthy (1977)  use^hflow visualization and LDA measurements 
to find that the vorticity distribution is highly peaked but 
weak vorticity exists all the way to the edge of the moving 
fluid volume.    He also determined that the core contains only 
50% of the total vorticity in the ring.    A critical  point to 
keep in mind might be the Reynolds number of the vortex ring 
under study, since the formation process  (where the vorticity 
is produced) is strongly Reynolds number dependent. 
Didden (1979) made detailed LDA measurements at the nozzle 
exit of a vortex ring generator.    From horizontal  and vertical 
velocities  (u and v), he calculated vorticity and circulation 
distributions.    From this information Didden was able to chroni- 
cle vortex separation, boundary layer thickness, and the produc- 
tion and transport of vorticity.    He also found that the ver- 
tical y-position of the vortex axis nearly coincides with the 
maximum negative slope 9u/3y and the minimum v velocity.    His 
concomitant flow visualization studies indicate that the position 
of maximum positive vorticity approximately coincides with the 
y-pokition of the vortex axis. 
Most measurements have been made in flow fields that are, 
to some extent, three-dimensional.    Two significant 
three-dimensional effects may make interpretation of such data 
difficult.    One effect is  'vortex wandering' where free stream 
turbulence displaces the vortices in a random fashion about 
their mean location.    This makes the vortices appear to be 
larger in ttme^averaged velocity measurements than they really 
are.    The other effect is the Crow (mutual  induction) insta-   . 
bility, which causes the vortices to form kinks and to break 
up into a series of vortex rings  (Baker et al.  1974; Barker & 
Crow 1977). •    .   ■ 
Barker & Crow (1977) investigated a two-dimensional pair 
of line vortices in water, minimizing the three-dimensional 
effects that may have plagued other experiments.    In general, 
one difference between a two-dimensional vortex pair and a 
three-dimensional  vortex ring is. in the size and shape of the 
recirculation cell:  the pair of vortices is enclosed by an 
oval envelope of fluid, while the ring vortex is Surrounded by 
a small toroid.    Also, experiments have shown that a two- 
dimensional  vortex pair that travels for long distances is more 
difficult to produce than a vortex ring.    Experiments done in 
water altow higher Reynolds numbers and better flow visualization. 
A theoretical  solution describing the motion of a two- 
dimensional  rectilinear pair of line vortices was derived by 
Lamb (1932).    He found that for a pair of vortices of equal 
strength, K, propagates at a speed of 
-8- 
 v
 ~ 4^ ■ ■  
where 2a is the distance separating the two vortex centers. 
The envelope enclosing these two highly concentrated vorticity 
lines is an oval having semi-axes 2.09a (perpendicular to the 
line of translation) and T.73a. 
Batchelor (1967) derived a solution for the streamlines 
of a two-dimensional  line vortex pair with a distributed vorti- 
city of u=k2^, where k is a constant and i|> is the stream func- 
tion.    The equation describing the flow field is \ - 
ar^     r 3r     r1 Jo7 v 
and its solution is 
' \\> = CJ,(kr)sine '/ 
where C is a constant.    The solution is analogous to irrotational 
flow past a circular cylinder.    Hence the envelope of distribu- 
ted vorticity surrounding the pair of vortices is a circle.. 
In the present experiment, we investigate the interaction 
of a two-dimensional  line vortex pair with cylinders and flat 
plates.    Water is the fluid medium, and flow visualization is 
accomplished by videotaping dye streaklines.    Velocity measure- „ 
ments of undisturbed vortex oairs are made with an LDA system, 
and vorticity distributions are calculated from these results. 
.,--."»^.'f'-. 
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EXPERIMENTAL PROCEDURE     • 
—. A^l--^xperifflen^s-^er^--€a^^i^-^ut-4-n--a' 183 cm (72") -1 ong,  
30.5 cm (12") wide, and 61 cm (24") deep plexiglas water tank. 
This tank houses a piston-nozzle assembly that generates the 
vortex pair (Figure, 1).. The pfston fits into the 30.5, cm 
(12") by 1.27 cm (0.5") rectangular cross-section.planar jet 
nozzle with a 1.3 mm (0.05") gap at the top for clearance. 
The linkage that is connected to the piston falls under the 
force of gravity and so drives the piston horizontally. Pro- 
duction of the vortex pairs was controlled by drawing the piston 
assembly back to a specific point, allowing it to remain sta- 
tionary for at least 30 seconds to allow extraneous residual 
motion of the water to die down, then releasing the'piston assenv 
bly. In this way, the piston stroke length and stroke time 
were held constant. After 0.1 seconds, the^ piston reached a 
constant velocity for a duration of ]SM  secondsx with a rapid 
deceleration when the linkage touched the back wall of the jet 
nozzle apparatus. All experiments were performed with identi- 
cal piston motion, and therefore identical initial conditions 
of the jet. 
Slightly negatively buoyant Durkee blue food coloring was 
i 
used for visualizing the vortices.    Dye was  injected in thin 
lines by means of a hand-held syringe onto the bottom inner 
lip of the jet nozzle, and onto the top outer1*lip of the nozzle. 
•10- 
The dye on top seeped down slowly in a thin orderly column 
 over the exit face of the nozzle-:—This vortical column-o-f—dye— 
became a timeline marking the initial slug of fluid from the 
nozzle. 
A high speed Instar videotape recorder was used to record 
the development and subsequent trajectories of vortex motions. 
The recorder was equipped to take 120 frames per second, and 
allowed frame to frame advancement with appropriate timing 
identification for detailed review. Each frozen frame allowed 
the Hjocumentation of the pos/lion, speed, and shape of the vor- 
tices. Horizontal and vertical velocities were measured with 
a laser-Doppler velocimeter operating in the backscatter mode. 
The analog signal was converted to digital form and processed 
by a PDP 11/34 computer. (LDV measurements were taken only 
for the 1.6 mm (1/16") diameter cylinder at the centerline ver- 
tical position and at 6.35 cm (2.5") away from the nozzle exit.) 
Of primary interest in this investigation is the interac- 
tion of the generated vortex pairs with cylindrical- and plate- 
shaped bodies. All cylinders and plates were equipped with a 
1.6 mm (1/16") diameter pin protruding from both ends. The 
cylinder or plate could then be fitted into 6.35 mm (1/4") thick 
plexiglas false walls (inserts) that had accommodating holes 
drilled into the side of each wall. The holes were only 
slightly larger than 1.6 mm (1/16") diameter to allow for a 
-11- 
tight fit with t 
deslyed angle of attack 
jns. Thus plates could be tilted at any 
lse walls and bluJpTiody could rftre- 
the/i be' lowered into the wate^channel to ^rfy desired depth. 
This whole assembly could then.be slid toward or away from 
thel nozzle exit.    The centerline of each bluf/Tbody was always 
located a distance of 6.35 cm (2.5") fWrl^re nozzle exit, 
except for that of the 5.08 cm (2") plate, which was 2.54 cm 
(1") closer to the nozzle exit. 
MECHANISMS OF INTERACTION 
When the incident vortex pair impinges upon the^cyTTnder, 
there wij^vbe shedding of vorticity leading to the formation 
of secondary vortices.    The character of this secondary vortex 
formation.is central to defining the type of interaction mech- 
anism; the manner in which the secondary vortices grow deter- 
mines the degree to which there is alteration of the structure 
andtrajectories of the primary vortices.    In general, this 
secondary vortex formation can take on a symmetrical  form whereby 
the pattern resembles that of an impulsively started cylinder, 
or a symmetrical  form resembling the pattern of a classical 
vortex street behind a cylinder.    In the following, we classify 
the interaction mechanism according to the location of secon- 
dary shedding, relative to the primary vortex pair: symmetrical 
shedding equidistant between the centers of the primary vor- 
tices; shedding between the center!ine of the primary vortex 
pair and the center of a primary vortex; and shedding on the 
outer periphery of a primary vortex. 
Symmetrical shedding behind a cylinder equidistant between cen- 
ters of primary vortex pair.    Figure 2 shows the case where the 
cylinder is  located on the centerline of the incident vortex 
pair.    The first photo therein depicts the dye pattern imme- 
diately before encounter with the cylinder; the circular shaped 
-13- 
dyo ijrTQ ah°^d "f thp pair was originally a vertical  line of 
dye across the nozzle exit prior to the release of the piston, 
and therefore represents a timeline marker.    This  line shows, 
in successive photos, the process of secondary vortex formation. 
In the fifth through seventh photos, one sees that the secondary 
vortices have grown rapidly to form counter-rotating vortex 
pairs with corresponding incident primary vortices.    At a dis- 
tance of 0.5D downstream of the cylinder, the trajectory of 
these pairs is already at 45 degrees yfith respect to the center- 
line. 
In regard to this, symmetrical secondary vortex'shedding, 
the question arises as to how small the cylinder can be and 
still produce a substantial alteration, of the trajectories of 
the primary vortices.    Figure 3 shows a case where a cylinder 
being a 0.5 mm fishing line stretched taut across the test sec- 
tion.    In comparison with Figure 2, the secondary vortices now 
rapture less rapidly; nevertheless, their presence can effect 
the distortion of the primary vortices as evident in the fifth 
photo of Figure 3-.    Moreover, the trajectories of primary vor- 
tices have moved outward significantly in the seventh photo. 
Asymmetrical  vortex shedding behind a cylinder between-center!ine 
of,primary vortex pair and center of a primary vortex.    Figure 4 
shows the case of the cylinder slightly off centerline, e/D = 
0.12; the interaction pattern is drastically different than the 
-14- 
foregoing symmetrical case. It we examine the lower vortex, 
it is evident that a secondary vortex rapidly forms as the 
dye shoots below the cylinder and rolls up in the fourth "and 
fifth photos. In the sixth and seventh photos the vortex pair 
formed by this secondary vortex and the corresponding priory 
vortex shoots downward at an angle of approximately 45 degrees 
in a fashion somewhat similar to the lower primary-secondary 
vortex pair of Figure 2. • <***J 
However, the fate of the upper primary vortex is consid- 
erably more complex, in that the asymmetrical shedding process 
leads to formation of two large-scale secondary vortices of 
like sense in addition to the incident primary vortex. The 
onset of these two large scale vortices is indicated in the 
third photo by the two dye indentations on the right side of 
the'incident primary vortex. The leading vortex on the peri- 
phery grows to relatively large scale as seen successively in 
photos 3 through 7, most evident in the left most dye rollup in 
the seventh photo. It is suspected that th.is vortex is rela- 
tively weak. On the other hand, the second large scale vortex 
forming on the periphery engulfs a smaller scale vortex shed 
from the cylinder, in turn forming a vortex pair with the upper 
primary vortex, evident in the fifth and sixth photos. Exam- 
ination of this pattern at a later time, in the seventh photo, 
shows that this vortex pair shoots upward initially at an angle 
-15- 
y 
of about 60 degrees; in essence, we see that the effect of 
this complex secondary vortex shedding on the upper primary 
vortex is to delay formation of the large scale primary-secondary 
vortex pair relative to that formed on the bottom side of the 
cylinder where the primary vortex remains relatively undisturbed. 
We note that the left most vortex in the seventh photo 
may not be properly designated as such since it appears to 
undergo little displacement at larger times than shown in the 
seventh photo. It apparently is highly aged and has lost a 
major share of its circulation by the time it has rol'led up. 
Consequently, it seems to have little effect on the trajectories 
of the two major vortex pairs shooting off from the cylinder 
as shown in photo 7. 
Asymmetrical shedding behind a cylinder close to core of a 
primary vortex. In the event that the cylinder is displaced 
still further from the centerline, as shown in Figure 5, then 
^we expect significant interaction with the core of the incident 
primary vortex. There is a remarkable "-peeling" away of the 
upper primary vortex until, as shown in the seventh photo, the 
entire primary vortex appears to be converted to a complex vor- 
tex'street.. As in the foregoing case, the leading secondary 
vortex on the periphery of the primary vortex rolls up rapidly 
to form a large scale vortex that remains behind as the remainder 
• 16- 
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of the cylinder vortex ^street passes downstream of the lower     — 
primary vortex. 
On the other hand, the lower primary vortex proceeds rela- 
tively undistorted along its original  path.    There is no forma- 
tion of a corresponding secondary vortex, as in previous cases, 
to deflect it from its original  trajectory.    Only much further 
downstream does disintegration of the secondary vortex affect 
the path of the lower primary vortex (see seventh photo). 
Secondary vortex shedding behind a cylinder on outer periphery 
of primary vortex. If the cylinder is displaced from the cen- 
terline to an extreme position (e/D=0.94) such that the vortex 
shedding initiates at the outer periphery of the primary vortex, 
9, 
then, as shown in Figure 6, the primary vortex pair proceeds 
relatively undistorted past the cylinder. The.leading secon- 
dary vortex formed on the periphery of the primary vortex is 
born later than in previous cases, and does not have a chance 
to roll up; it, along w'ith a portion of the remainder of the 
vortex street, is swept between the cores of the primary vor- 
tices. This instability tends' to disrupt only the upper pri- 
mary vortex (even altering its core), and only after the vortex 
pair has passed the cylinder. 
Figure 7 shows a comparison of the trajectories of the 
upper and lower primary vortex centers for four different off- 
sets of the 1.6 mm (1/16") diameter cylinder. With regard to •' 
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the lower primary vortex in each case, the cylinder clearly 
tends to deflect the center of the vortex away from the center- 
Tine of the original vortex pair.    This effect is greatest for 
e/D=0; the largest offset,  e/D=0;94, has practically no effect 
on the trajectory of the lower vortex center. 
•   The paths of the centers of the upper primary vortices 
were traced as long as a dyed vortex center was discernible. 
The case of no offset produces a mirror image of the lower vor- 
tex path,   ^ihe next two offsets*show the delay in translation 
of the i|pper primary vortex, while the highest offest shows 
the,, primary vortex center accelerated beneath the cylinder and 
traveling along an approximate horizontal path. 
Symmetrical shedding behind a plate equidistant between centers 
of primary vortex pair.    Figure 8 shows the case where the. 1.27 
cm (1/2")  plate is located on the center!ine of the incident 
vortex pair.    Again, the first photo depicts the dye pattern 
immediately before encounter with the cylinder.    This timeline 
marker serves to emphasize how the secondary vortex formation 
progresses.    In the third photo, the dye streakline indicates 
the onset of flow separation; by thefourth photo the instability 
of the separated shear layer has led to a pronounced secondary - 
vortex pair.    By the time the centers of the incident primary 
vortices have reac^d the center of the plate (see fifth photo), 
the accompanying counter rotating secondary vortices are well 
developed. At this time these new primary-secondary pairs travel 
-18- 
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off at an angle of about 60 degrees; eventually their trajec- 
tory becomes orthogonal to the axis of the original primary 
vortex pair. ' -     ' 
Asymmetrical shedding behind a plate between center!ine or 
primary vortex pair and center of a primary vortex.    Figure 9 
shows the case of the plate slightly off centerline, e/D=0.12. 
With regard to the lower vortex, it is clear that a secondary 
vortex rapidly forms as the dye shoots„below the plate and 
rapidly rolls up to form a pair with the lower primary vortex 
(see photos 4 through 7).    This  lower pair shoots downward at 
an angle of approximately 45 degrees, much the same as in the 
symmetrical  case of Figure 8. 
The asymmetrical positioning of the plate leads to an even 
more rapid development of a secondary vortex on the upper half 
of the plate.    As seen in photos 3 and 4, the upper secondary 
vortex is already quite mature, while the lower secondary vor- 
tex is in an early stage of roll up.    The pairing interface bet- 
ween the primary and secondary vortices is located approximately 
along a vertical  line through the center of. the plate. 
The effect of the upper secondary vortex on its correspond- 
ing primary vortex is so strong that the primary vortex slows 
down (photo 3), deflects vertically upward (photo 4), and 
even reverses its direction after pairing with the secondary 
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vortex (photos 5, 6, and 7). In the seventh photo, the upper 
pair is travelling backward at an angle of 60 degrees from " 
the horizontal. The center of the upper primary vortex never 
i 
crosses' the center of the plate. 
All vortices in both upper and lower pairs seem to be of - 
the same scale, and the structure of their cores is preserved 
in the late stage of the interaction process. _ 
Asymmetrical shedding behind a plate close to the core of a 
primary vortex, The plate in Figure 10 is displaced twice as 
far from centerline as in Figure 9. Examination of the inter- 
action of the lower primary vortex with the plate reveals a 
somewhat delayed formation of the secondary vortex. Photo 4 
shows the primary vortex proceeding as if it were oblivious to 
the presence of the plate. We see dye shooting off from just 
below and just behind the plate in photo 5. The result is a 
large secondary vortex which forms a- counter rotating pair with 
the primary vortex and travels off at an angle of about 30 
degrees. The early stage of roll up of the secondary vortex 
occurs relatively late (photos 6 and 7). It also seems that 
it is relatively weak at that stage. 
Activity in the upper half plane is more vigorous. The 
onset of a large-scale secondary vortex is indicated in photo 
4. At this instant, the interface between the primary and 
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secondary vortex is located along an approximately vertical 
line''*through the leading edge of the plate. Comparing photos 
4 and 5 of Figure 10 with .photos »3 and 4 of Figure 9, there 
"is more rapid formation of the secondary vortex in the case 
when the displacement of the plate is greater (i.e. Figure 10). 
In the interaction of Figure 10, the upper secondary vor- 
tex appears to be quite strong and exerts a dominant influence 
^ on the primary vortex. The center of the primary vortex slows 
down, stops before reaching the leading edge of the plate, and 
reverses direction after pairing with the secondary .vortex. 
The pair initially travels backward at an approximate angle 
of 60 degrees (photo 6), after which the pair elongates, flat- 
tens out, and becomes stalled in the front quadrant above the" 
plate. This upper pair becomes yer^f  distorted and disintegrates, 
while the lower pair travels downstream quite intact. 
Figure 11 shows trajectories for the three different off- 
sets of the 1.27 cm (1/2") flat plate described in the foregoing . 
visualization. The lower vortex paths show decreasing deflec- 
tion as the plate is positioned away farther from the lower 
vortex. The deceleration of the upper vortex is evident for 
the offsets e/D = 0.12 an-d.e/D = 0.24. Zero offset produces 
a mirror image path between upper and lower vortices. 
\ 
S'., 
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Symmetrical shedding along a long plate between centers of 
o 
primary vortex pair. Figure 12 illustrates"the effect of plac- 
ing a long (5.08 cmj 2") plate along the centerline of the' 
developing vortex pair. The plate extends up to 1.27 cm (0.5") 
from the nozzle exit. In this position the plate effectively 
halves the vortex pair before it becomes well developed. The 
result is equivalent to developing a single vortex on the top 
and bottom surfaces of the plate. 
As in the upper half planes of Figures 8, 9, and 10, a 
strong secondary vortex forms in Figure 12. The progress of 
the primary vortex is not impeded as drastically in Figure 12 
as in Figures 9 and 10, where the plate was more directly in 
the path of the core of the primary, vortex. Initial stages of 
rollup can be seen in photo 2 of Figure 12, with subsequent 
development and pairing in photos 3 through 7. The center of 
the primary vortex decelerates as roll up begins; there is a 
gradual upward deflection of the primary vortex while the secon- 
dary vortex continues to roll up. The scale of the secondary 
vortex becomes almost identical to that of the primary. After 
forming a counter rotating vortex pair, the primary and secon- 
dary vortices travel vertically upward (photos 6 and 7); the 
primary- secondary interface is a vertical line through the 
center of the plate. Later the pair arches backward towards 
the nozzle, and then disintegrates, the original forward motion 
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of the primary vortex becoming reversed (this is not seen in 
Figure 12). 
Photographs of experiments in which the 1.27 cm (1/2") 
plate hasbeen rotated 90 degrees appear in Figures 13 through 
16.        ' 
Symmetrical shedding behind a rotated plate equidistant between 
center of primary vortex pair.    The symmetrical case is docu-. 
mented in Figure 13.    The initial  vortex pair approaches the 
plate in photo 1, and onset of formation of two large scale 
secondary vortices appears at tfie edge of the plate in photo 2. 
Further roll up can be seen in photos 3 through 7.    While the 
secondary vortex forms, the primary vortex slows down and is 
deflected to a vertical- path.    The primary and secondary»vor- 
tices tlUn form a counter rotating pair and propag^te/Verti- 
cally away from the plate.    The pairing interface between the 
primary and secondary vortices is a line extending vertically 
through the downstream side of the plate (photos 6 and 7).    The 
primary vortex never crosses downstream of this line.    Even- 
tually the new pairs arch backward toward the nozzle and later 
disintegrate.    The beginning of this final  phase can Be 
observed in photo 7. ~* _. 
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Asymmetrical  shedding from a rotated plate between center!ine of 
primary vortex pair and center of a primary vortex.    A moderate 
offset of the rotated plate,  e/D = 0.26, greatly alters the fate 
of the primary vortices.    Photo 1  of Figure 14 shows the undis- 
turbed approach of the initial  vortex pair, while photo 2 shows 
the first visible deformation of the„bubble of the vortex pair. 
The onset of formation of two secondary vortices is apparent in 
I 
photo 3. 
In the lower half plane, roll up of the secondary vortex 
occurs at the bottom edge and behind the plate. Dye shoots 
down beneath the plate to better mark the large scale of the 
new vortex (see photos 4 and 5). In response to formation of 
the secondary vortex, the primary vortex is deflected down and » 
away from the plate; eventual pairing occurs, and the two vor- 
tices follow a downward path about 45 degrees from horizontal 
(|i)ho£9s?6 and. 7). The structure of the core of the primary 
vortex is apparently minimally distorted. 
The plight of the upper primary vortex is completely dif- 
ferent. The forward (horizontal) motion of the primary vortex 
is strongly decelerated at an early stage due to the presence 
of the plate (see photo 4). Roll up of a secondary vortex above 
the upper edge of the plate can be seen in photo 4, and its 
development can be traced in photos 5 through 7. However, as 
in the case of a similar vortex in Figure 4, the vortex position 
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undergoes-little displacement, dud its circulation seems very  
weak. To classify these dye-lines as a vortex may not be 
totally accurate. The weakened primary vortex becomes stalled 
behind the plate, and remains there until disintegration. 
Asymmetrical shedding behind a rotated plate close to core of 
a primary vortex. An interesting mechanism of secondary vor- 
tex formation occurs when the rotated plate is displaced farther 
upwards, e/D = 0.66 (see Figure 15). The upper primary vortex 
travels along unhindered (photos 1 and 2) and then encounters 
the vertical surface of the plate. The core of the primary vor- 
tex remains nearly stationary in front of the plate (photos 
3 and 4), while the fluid originally surrounding the core 
shoots past the, bottom of the plate, and forms a new "core" 
behind the plate (photos 4 and 5). The "old" core region is 
eventually sucked down (photo 6) and into the "new" core region 
(photo 7). A trailing streak of dye is al-3 that remains to 
mark the wake of the event. 
The lower primary vortex proceeds relatively undistorted 
along its original (horizontal) path. It is interesting to 
note that the "new" upper core catches up to the lower core 
to re-form a vortex pair that propagates in the same direction 
as the original pair. 
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Shedding behind a rotated.pi ate on outer periphery of primary 
vortex. If the rotated plate is displaced even further, e/D = 
1.02, as shown in Figure 16, then the stalling of the tipper 
primary vortex is minimized. The core of the upper vortex does 
flatten out, but is quite well preserved as it passes beneath 
the plate, and is retarded relative to the lower vortex (see 
photos 3 and 4). This dyed core region then accelerates to 
re-fill the bubble behind the plate, preserving the global 
appearance of the original vortex pair. Although ft seems 
likely that this core has become irrevocably damaged, it is 
interesting to note the preservation of the dye lines of approx- 
imately half of the original upper vortex (photos 6 and 7). 
Disintegration of the pair results not long after this time. 
The lower vortex apparently travels along its original path, 
with little distortion. 
Figure 17 shows the four trajectories for the offsets of 
the 1.27 cm (1/2") plate rotated 90 degrees. The symmetrical 
case produces mirror image paths of the upper and lower vor- 
tices. The offset e/D =0.26 shows the upper vortex trapped 
behind the plate. The next offset shows stalling and then 
disintegration of the upper vortex, while the last offset marks 
passage of the upper vortex underneath the plate. An acute 
deflection of the lower vortex is evident for the first two' 
offsets, while the largest two offsets have little effect on 
the horizontal path of the lower vortices. 
-26- 
n 
LDA Measurements.    To determine the degree of concentrattorrarf  
vorticity of the incident vortex pair, the LDA system is used 
to measure horizontal  and vertical  velocities of the vortex 
pair at a location upstream of the bluff body.    Vorticity is 
then determined from computation of the velocity gradients 3u/9y 
and 3v/3x by difference techniques.    Cartesian^oordinates were 
used:  x denoting horizontal and y vertical; the origin is at 
centerline of nozzle exit.    Horizontal velocity, u, w^s mea- 
sured at x = 3.56 cm (1.4") away from the nozzle exit, while 
vertical velocity, v, was measured at x = 3.30 cm (1.3") 
and 3.81 cm (1.5").    At each x-location, sixty measurements 
in the vertical fy)  direction were made in 0.635 mm (0.025") 
increments, starting at the centerline.    Only the upper half 
plane of the vortex pair was measured.    While velocities were 
measured continuously in time, only ten specific times were, 
sampled to trace the passage of an undisturbed vortex..   These 
times correspond to when the vortex bubble first hits the "probe" 
area, until when the vortex center has just passed over the 
"probe" area.    Specifically, the times are 0.9, 1.1, 1.3, 
1.5,  1.7, 1.8, 1.9, 2.1, 2.3, and 2.5 seconds. 
The first five time samples of u are given in Figure 18; 
the second five can be found in Figure 19.    As can be expected 
for velocity profiles across a vortex,  positive and negative 
regions of velocity do exist. An increase,.a leveling off, and 
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a decrease can be observed with increasing time for both the  ~ 
maxima and minima of the velocities. In comparison to flow 
visualization information, the location of maximum negative 
au/sy roughly corresponds to the location of the vortex center, 
also found'by Didden (1979). 
The first five samples of v can be found in Figure 20 
/ 
for x = 3.30 cm (1.3"0 and in Figure 22 for x =3.81 cm (1.5"). 
Correspondingly, the second five samples can be found in 
Figure 21 and Figure 23. Both x-locations reveal an increase, 
then a decrease in v. The time when v is zero corresponds to 
the time when the vortex center is at the "probe" location (see 
Didden 1979). However, in this case, the primary vortex pair 
is not completely "fully developed". Ciose examination of flow 
visualization photos indicates that the vortex bubble is still 
growing. During this development stage, higher velocities may 
exist in the bubble than when "fully developed". Figures 21 
and 23 contain lines of negative velocity: this corresponds to 
the fact that the vortex center has already passed the measur- 
ing region. This data agrees with flow visualization. Two 
lines of negative velocity appear in Figure 21 (x = 3.30 cm 
(1.3".)) because events will be sensed sooner at this location 
relative to Figure 23 (x=3.81 cm (1.5")). 
Backward, forward, and central differencing techniques 
were used ta~ek£ai n gradients au/ay and 9v/ax in order to 
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compute vorticity. Vorticity curves of sampling times 1 through 
5 appear in Figure 24, and the other 5 curves appear in Figure 
U,25. As seen in these figures, maximum vorticity starts off 
<0 > -I 
^very low, then hovers near 0.35 to 0.40 s     in the vicinity 
of (i.e. times corresponding to), the vortex center.    Also, the 
maxima are located at the approximate y-location of the vortex 
centers.    The negative tail on the curves is of relatively 
small magnitude, but its existence appears on almost all curves. 
It is most likely due to the fact that 8u/ay is typically small 
in that region; consequently, uncertainties in 3v/ax contribute 
substantially to possible "negative" vorticity. 
Batchelor (1967) gives a solution for a two-dimensional 
vortex pair in/an inviscid fluid'with vorticity. He assumed 
the vorticity distribution is 
- ■& " 
03 k2ij, 
where k is a constant, and the. governing differential equation 
in polar coordinates is 
;••       W1     r ar     T1 ae^ v 
the solution of which is 
i> = C J,(kr)sine    . 
The envelope enclosing the region of non-zero vorticity 
is circular and of radius "a" provided that J-i(ka) = 0. The 
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coefficient "C" adjusts the magnitude of ip, or equivalently 
Figure 26 shows experimentally determined vorticity when 
the vortex center crosses the measuring "volume compared with 
Batchelor's inviscid model for 8 = IT/2. For the theoretical 
graph, the width of the curve was normalized by assigning the 
value "a" to the zero crossing; the height was normalized by 
adjusting the experimental maximum with the coefficient "C". 
Agreement between experimental and theoretical curves is remark- 
able. The negative tail of the theoretical curve for y>a has 
no physical meaning since Batchelor assumes irrotational flow 
for that region; hence, vorticity should be zero there. The 
experimental data bear this out. 
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DISCUSSION AND CONCLUSIONS 
Vorticity generated at the nozzle  lip rolls up1into pri-    r 
mary vortices.    The primary vortex indlices an instantaneous 
adverse pressure gradient along the surface of the cylinder or 
plate,  leading to a vortex of opposite sense via flow separa- 
tion of the wall viscous layer.    (See Didden &*=Ho 1979, and 
Lugt 1982.) , ■ - • 
-*       The character of this secondary vortex formation is cen- 
tral to defining the type of interaction mechanism with a solid 
body; the manner .in which the secondary vortices grow deter- 
mines the degree to which there is alteration of the structure 
and trajectories of the primary vortices. 
f** Symmetrical  placement of the solid body yields symmetrical 
secondary vortex formation and consequent formation of counter 
rotating vortex pairs.    A streamwise-longer bluff body (e.g. 
the plates) promotes more rapid rollup of secondary vortices, 
which alters the trajectory of the vortex pair after shedding. 
Compare Figures 2, 8, and 12. 
A small offset of the (streamwise-short) cylinder induces 
complex shedding downstream.    The interference with the primary 
vortex results in a delay (and some distortion) of the upper 
primary-secondary'vortex pair (Figure 4). 
A small offset of the plate results in travel of the 
upper primary-secondary vortex pair travelling in the upstream 
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direction (Figure 9).    The formation of the secondary vortex 
#. 
-is-4no-re rapid as -the offset is inceeased-(Figure J-0^ The  
location of the primary-secondary vortex interface also shifts 
upstream.    This may be due to the fact that the vortex cuts 
the plate in a region of higher vorticity.    This can be inferred 
y C 
from the LDA measurements of vorticity (Figures 24 & 25). 
A cylinder at moderate offset (Figure 5) does not seem to 
produce such vorticity. The result of the interaction is a 
delay, and then destruction, of the upper primary vortex; the 
destruction seems to be a product of the simultaneous produc- 
tion of vorticity concentrations of like- and opposite-sense 
to that of the primary vortex. The primary vortex degenerates 
into a complex vortex street; the large secondary vortex pres- 
ent for smaller offsets is not present for this case. 
In the case where the rotated plate is offset to give 
approximately the same clearance between center!ine and the 
bottom of the body (Figure 15), the upper primary vortex is 
delayed behind the plate, but little or no flow goes over the 
top of the plate. Instead the primary vortex accelerates fluid 
under the plate, all the while producing a vorticity agglomer- 
ation of like sense. It appears from the photos that with this 
renewed concentration of vorticity of the same sense, a new 
vortex core is generated that accompanies the lower vortex as 
a pair. 
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The upper primary vortex passes beneath the rotated plate, 
and its core~ is flattened and elongated for the largest off-, 
set e/D = 1.02, as shown in Figure 16. Again, vorticity of 
like-sense seems to be produced as the fluid whips past the 
lower edge of the plate. 
The rotated plate with a smaller offset (Figure 14) hinders 
the forward progress of the upper primary vortex even more. 
The primary vortex is permanently stalled behind the plate. 
However, a substantial amount of this vortex seems to supply 
the necessary fluid to produce vorticity of the same sense at 
the bottom edge of the plate, which then rolls up to form the 
large scale secondary vortex that pairs with the lower primary 
vortex. 
It is possible for the primary vortex to pass beneath a 
bluff body without substantially disturbing the inner core, 
as illustrated in Figure 6 for the cylinder. A disturbance 
(or instability) is created in the outer layers of the vortex 
bubblef  and this disturbance eventually catches up with the 
core a distance of about ID after the cylinder. However, 
while the vortex passes beneath the cylinder, minimal distor- 
tion and delay of the upper primary vortex occurs. 
LDA measurements of velocity are used to compute vorticity 
distributions; Vorticity was found to be distributed through- 
out the core with a definite concentration near the visualized 
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vortex centers. Thus the dyed (primary) vortex pair en 
-from the nozzle exit can be interpreted as "true vortl 
The LDA method of measurement is' most preferred in or 
eliminate interference effects of an inserted physical 
Indeed, it was found that a thin fish line of size d/D f= JD 
greatly disturbed the coherence and trajectory of the primary 
vortex pair. 
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Figure 24 -      Vorticity vs.  Y Distance, times:  1-5 
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Figure 25 -       Vorticity vs.  Y Distance, times: 6-10 
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